We identified the gob-1 ( gut-obstructed) gene in a forward genetic screen for intestinal defects in the nematode Caenorhabditis elegans. gob-1 loss of function results in early larval lethality, at least in part because of a blocked intestinal lumen and consequent starvation. The gob-1 gene is first expressed in the 8E cell stage of the embryonic intestine, and the GATA factor ELT-2 is sufficient but not necessary for this early phase of gob-1 expression; gob-1 expression later becomes widespread in embryos, larvae, and adults. GOB-1 is a member of the HAD-like hydrolase superfamily and shows a robust and specific phosphatase activity for the substrate trehalose-6-phosphate. Trehalose is a glucose disaccharide found in bacteria, fungi, plants, insects, and nematodes but not in mammals. Trehalose plays a number of critical roles such as providing flexible energy reserves and contributing to thermal and osmotic stress resistance. In budding yeast and in plants, the intermediate in trehalose synthesis, trehalose-6-phosphate, has additional critical but less well-defined roles in controlling glycolysis and carbohydrate metabolism. Strong loss-offunction mutants in the C. elegans tps-1 and tps-2 genes (which encode the two trehalose phosphate synthases responsible for trehalose-6-phosphate synthesis) completely suppress the lethality associated with gob-1 loss of function. The suppression of gob-1 lethality by ablation of TPS-1 and TPS-2, the upstream enzymes in the trehalose synthesis pathway, suggests that gob-1 lethality results from a toxic build-up of the intermediate trehalose-6-phosphate, not from an absence of trehalose. GOB-1 is the first trehalose-6-phosphate phosphatase to be identified in nematodes and, because of its associated lethality and distinctive sequence properties, provides a new and attractive target for anti-parasitic drugs. D
Introduction
The Caenorhabditis elegans intestine is a straight relatively uniform tube consisting of twenty cells, all clonally derived from a single cell (the E cell) of the eight cell embryo (Sulston et al., 1983) . The worm intestine is thus one of the simplest organs in multicellular animals. Many of the cellular and subcellular events that lead to intestine morphogenesis in the embryo have been described in detail (Sulston et al., 1983; Hedgecock and White, 1985; Leung et al., 1999) . In addition, the transcription factor network regulating endoderm formation has been well studied, and a plausible chain of regulation can now be proposed, starting with the maternally provided SKN-1 transcription factor (Bowerman et al., 1992 (Bowerman et al., , 1993 , proceeding through one or two waves of interim zygotic factors involved in endoderm specification (Zhu et al., 1997 (Zhu et al., , 1998 Maduro and Rothman, 2002; Maduro et al., 2001; Broitman-Maduro et al., 2005; Goszczynski and McGhee, in press) and ending with transcription factors that regulate genes associated with terminal differentiation (Hawkins and McGhee, 1995; Fukushige et al., 1998; An and Blackwell, 2003; Fukushige et al., 2003) . What is not known in any detail is how these two areas of study are related, i.e., how the transcription factor network initiates and maintains the detailed morphological processes that are involved in building a functioning intestine.
We have been studying the GATA factor ELT-2 (Hawkins and McGhee, 1995) . ELT-2 may be the single most important intestine-specific transcription factor acting after endoderm specification Moilanen et al., 1999; Fukushige et al., 2003 Fukushige et al., , 2005 majority of genes involved in intestine differentiation. A knockout mutation of the elt-2 gene is lethal: elt-2 null embryos hatch but arrest as L1 stage larvae; these larvae eventually die (probably) of starvation, since the intestine lumen appears completely occluded . This gut-obstructed (Gob) phenotype is distinctive and has been made the basis of a forward genetic screen to identify genes involved in intestinal morphogenesis, possibly direct downstream targets of ELT-2.
In the current paper, we identify one particular gene (named gob-1) that, when mutated, produces the gutobstructed Gob phenotype. In the early embryo, gob-1 is expressed only in the intestine (E) lineage, although expression later becomes widespread. As will be described below, gob-1 appears to be a reasonable candidate for a direct downstream target of ELT-2. However, the most interesting feature of gob-1 is quite unexpected, namely, that gob-1 encodes the C. elegans enzyme trehalose-6-phosphate phosphatase. Thus, the question arises: how does loss of an enzyme involved in carbohydrate metabolism cause a lethal obstruction of the intestinal lumen? To address this question, we must provide a brief background on the many important biological features of trehalose.
Trehalose is a non-reducing glucose disaccharide that is synthesized by bacteria, fungi, insects, and nematodes but is apparently not produced by mammals (see review in Elbein et al. (2003) ). Besides acting as an important energy reserve, trehalose has been demonstrated, in a number of organisms including nematodes, to play crucial roles in protecting against most environmental stresses: heat, cold, and freezing, oxidative stress, anoxia, osmotic stress, and, in the extreme, desiccation and anhydrobiosis (Behm, 1997; Elbein et al., 2003) . Trehalose is widespread in nematodes (including C. elegans), and levels are generally in the range of 1% of dry weight (Behm, 1997) . However, in species that undergo anhydrobiosis, trehalose levels have been measured up to 8 -9% of dry weight. Possibly more relevant to the current study, trehalose concentrations found in nematode perivitelline fluid surrounding the developing embryo are in the range of 0.1 to 0.5 M (Behm, 1997) .
In most organisms (including nematodes), trehalose is synthesized by a two-step pathway: UDP-glucose and glucose-6-phosphate are combined by the enzyme trehalose phosphate synthase to produce the intermediate molecule trehalose-6-phosphate, which is then dephosphorylated by the enzyme trehalose-6-phosphate phosphatase to produce the final product trehalose (Behm, 1997; Elbein et al., 2003) . Two trehalose phosphate synthase enzymes (TPS-1 and TPS-2) have been identified in C. elegans (Pellerone et al., 2003) , as well as in the anhydrobiotic nematode Apelenchus avenae (Goyal et al., 2005) . Simultaneous RNAi targeting of both tps-1 and tps-2 in wild-type C. elegans results in lowering trehalose levels to¨7% of control levels; however, such trehalose depleted worms show little obvious phenotype, even under conditions of stress (Pellerone et al., 2003) . Nonetheless, in the background of an age-1 mutant, RNAi to tps-1 and tps-2 greatly decreases C. elegans resistance to osmotic shock; moreover, age-1 worms show a twofold increase in trehalose levels even in the absence of osmotic shock (Lamitina and Strange, 2005) . Furthermore, tps-1 and tps-2 have been identified among genes responding to daf-2/ daf-16 signaling and to osmotic stress, indicating an important but as yet undefined role of trehalose in aging/ stress response pathways (Lamitina and Strange, 2005) . Up to the present paper, trehalose-6-phosphate phosphatase, the second enzyme in the trehalose synthetic pathway, has not been identified in C. elegans or, to our knowledge, in any nematode (Behm, 1997; Pellerone et al., 2003; Goyal et al., 2005) .
As if its roles in providing energy reserves and stress protection were not sufficient, trehalose has been shown to play critical roles in regulating glycolysis, especially in fungi and in plants (Francois and Parrou, 2001; Leyman et al., 2001; Gancedo and Flores, 2004) . In Saccharomyces cerevisiae, loss of trehalose phosphate synthase function leads to an inability to metabolize glucose (and other hexoses); loss of trehalose phosphate phosphatase activity leads to temperature-sensitive growth (Gancedo and Flores, 2004) . Similarly, in Arabidopsis, loss of trehalose phosphate synthase function is embryo lethal, and loss of trehalose phosphate phosphatase function causes thermal sensitivity (Leyman et al., 2001; Schluepmann et al., 2003 Schluepmann et al., , 2004 . One theme that has emerged from this considerable body of biochemical work is that trehalose synthetic enzymes and/or trehalose-6-phosphate act as ''gatekeepers of glycolysis''. At least part of this control can be traced to the fact that trehalose-6-phosphate is a direct inhibitor of the S. cerevisiae hexokinase (Blazquez and Gancedo, 1994; Blazquez et al., 1993) , but this cannot be the whole explanation (see, for example, Bonini et al. (2003) ). Overall, these studies have revealed a complex network of metabolic interactions centered on trehalose, crucial for cellular homeostasis and for responses to the environment. In the current paper, we provide evidence that trehalose-centered metabolic networks are also likely to exist in C. elegans, with important implications for development.
Materials and methods

Strains and alleles
C. elegans strains were cultured as previously described (Brenner, 1974) . The following strains and mutant alleles were used: N2 Bristol strain, Hawaiian CB4856 CB subclone of HA-8, mnDp1 (X; V)/+; gob-1(ca17), tps-1(ok373), tps-2(ok526), elt-2(ca15).
Detection of the gut-obstructed phenotype
The gut-obstructed phenotype was detected using the following bead feeding assay. A mixture containing 40 Al of 1% fluorescent latex bead stock solution (approximately 0.19 Am in diameter, Bangs Beads, Fisher, IN), 10 Al of an overnight OP50 bacteria culture, and 50 Al of M9 buffer was spread onto a 5-cm NGM agar plate and allowed to form a bacterial lawn. Eggs were hatched on the lawn, and larvae were allowed to feed for 4 h; the larvae were then moved to a bead-free plate and allowed to feed for an additional hour.
Positional cloning of gob-1
Standard procedures were used to find linkage of gob-1(ca17) to physical markers (Wicks et al., 2001 ). The following primers and restriction sites were used for each single nucleotide polymorphism (snip-SNP (Wicks et al., 2001) 
Molecular biology
Two reported H13N06.3 cDNAs (yk452a9 and yk562f10) were sequenced and used to confirm the predicted 3V cDNA sequences of the gob-1 transcript (Reboul et al., 2001) . To obtain additional 5V cDNA sequence missing in these clones, single tube RT-PCR (Titan One Tube RT-PCR, Roche) was performed using RNA isolated from mixed stage C. elegans as template, amplifying with one oligonucleotide specific for the SL1 splice leader sequence (ggtttaattacccaagtttgag) and a second oligonucleotide (ttcatagttccatcccaatcagtg) internal to the gob-1 coding region. Two products were identified: transcript H13N06.3a is SL1 trans-spliced at bp 12787 of cosmid H13N06 and is predicted to give rise to a 439-amino acid protein with its ATG codon starting at bp H13N06 12850; transcript H13N06.3b is SL1 trans-spliced at bp 13617 of cosmid H13N06 and is predicted to give rise to a 431-amino acid protein with its ATG codon starting at bp H13N06 13625. H13N06.3b protein differs from H13N06.3a protein only by lacking the eight N-terminal amino acids. Both transcripts share the same stop codon at cosmid position H13N06 16120 and polyadenylation splice site at H13N06 16662.
To create the gob-1 promoter-driven GFP/lacZ reporter (pJM339), 2323 bp of 5V-flanking region of the gob-1 gene was cloned into the vector pPD96.04 (Fire et al., 1990) , beginning 148 bp downstream of the predicted polyadenylation signal of the upstream gene (H13N06.2) and continuing until the ATG of transcript H13N06.3b. Construct pJM340 contains the entire gob-1 locus (5831 bp amplified by primers gtgttgtgtgccatttgtcg and agtttgttgaactgacgccg) cloned into pJM277, which is vector pPD95.11 digested with SmaI and StuI and re-ligated, thereby removing the lacZ reporter sequences but retaining the upstream synthetic decoy sequence. To generate full length GOB-1 protein tagged with the maltose binding domain, primers ggcggcggcggatccatgaactgtgaaaaaggtagg and ggcggcggccaagcttgtcatccagagaactctgaaat (with 5V BamHI and HindIII sites, respectively) were used to amplify the full coding region of gob-1 from a C. elegans cDNA library. The resulting PCR product was directionally cloned into the pMal-c2 vector (New England Biolabs). The final plasmid (pJM341) was transformed into E. coli strain BL21 (DE3), and the protein was expressed and purified according to the methods described in Ausubel et al. (1994) . To produce a GOB-10GST fusion, primers ggatccccatcgccagtcagtctatcgaag and ctcgagaacatttgcaaatgagttgttctc, with BamHI and XhoI sites incorporated into the 5V-end of each sequence respectively, were used to amplify the gob-1 coding sequence from the cDNA clone yk562f10. The PCR fragments were cloned into the pGEX-5X-3 vector (Amersham) to produce the final plasmid pJM342; the GOB-10GST fusion protein was expressed and purified as described by Ausubel et al. (1994) .
Antibody production
GOB-10GST protein (see previous section) was subjected to a final purification step using a polyacrylamide gel. Gel slices were first macerated in 100 Al of PBS and then emulsified with an equal volume of Freund's adjuvant. Four guinea pigs were injected with¨20 Ag of protein every 2 weeks and terminated after 107 days (Southern Alberta Cancer Research Centre Hybridoma Facility, University of Calgary). Antibodies to GOB-1 were affinity purified using GOB-1 protein fused to maltose binding domain, produced and purified as described in the previous section.
ELT-2 and ELT-1 overexpression
The heat-shock-driven ELT-2 and ELT-1 integrated transgenic lines and heat shock methods used were previously described Zhu et al., 1998; Gilleard and McGhee, 2001) . Briefly, embryos were isolated at the two to four cell stage, incubated at 20-C, heat shocked at 30-C and allowed to recover overnight at 20-C before staining either for GES-1 esterase activity (Edgar and McGhee, 1986) or h-galactosidase activity (Fire, 1992) . Embryos were exposed to two different sets of conditions, the first optimized for ELT-1 overexpression (60 min at 20-C followed by 40 min at 30-C) and the second optimized for ELT-2 overexpression (90 min at 20-C followed by 30 min at 30-C).
Sequence alignment
As described in Results, the following nematode proteins were found to have regions with significant similarity to GOB-1: TPS-1 and TPS-2 (C. elegans), CBG007712, CBG11073, and CBG01861 (Caenorhabditis briggsae) and TPS-1 and TPS-2 (Aphelenchus avenae). The following series of predicted bacterial proteins were also found to have significant similarity to GOB-1: ZP _ 00532188 (Chlorobium phaeobacteroides BS1), ZP _ 00591516 (Prosthecochloris aestuarii DSM 271), ZP _ 00512877 (Chlorobium limicola DSM 245), ZP _ 00588944 (Pelodictyon phaeoclathratiforme BU-1), ZP _ 00528747(C. phaeobacteroides DSM 266), ZP _ 00591193 (P. aestuarii DSM 271), ZP _ 00531553 (C. phaeobacteroides BS1), and NP _ 662202 (Chlorobium tepidium). Representatives of HAD-like hydrolase proteins, as defined by Koonin and Tatusov (1994) and Aravind et al. (1998) , were selected as templates to define the relationship of GOB-1 to other members of the family. For each protein, conserved domains I, II, and III as defined by Aravind et al. (1998) were identified and aligned using T-Coffee (http://igs-server.cnrsmrs.fr/Tcoffee/tcoffee _ cgi/index.cgi (Notredame et al., 2000) . Similar amino acids were highlighted using Boxshade (http://www.ch.embnet.org/software/ BOX _ doc.html-authors Kay Hofmann and Michael D. Baron).
In vitro phosphatase assays GOB-1 phosphatase activity was tested using a modified malachite green assay to detect liberated phosphate (Cogan et al., 1999; Yeo et al., 2003) . The phosphatase reactions were performed in a 250-Al volume containing 50 mM Bis-Tris (pH 7.0), 10 mM MgCl 2 , 10% glycerol, and 0.5 mM dithiothreitol. Following incubation at 30-C for appropriate times, 100 Al aliquots were quenched by addition of 30 Al of ammonium heptamolybdate (6 mM final) and H 2 S0 4 (0.45 M final). Thirty microliters of a solution of malachite green oxalate (120 AM final) and polyvinyl alcohol (0.056% final) was then added and incubated at room temperature for 20 min, prior to reading the absorbance at 610 nm.
Miscellaneous methods
To perform gob-1(RNAi), N2 hermaphrodites were injected into a single gonad with gob-1 dsRNA (¨1 mg/ml) transcribed by T7 RNA polymerase from a dsDNA template PCR amplified using the following oligonucleotides with T7 polymerase binding sites at their 5V-ends: taatacgactcactatagggagaccacctgcgacacaaacttttccaac and taatacgactcactatagggagaccacttgtggacgatgaaattcgg. elt-2(RNAi) was performed as previously described (Fukushige et al., 2003 (Fukushige et al., , 2005 . Transgenic animals were generated as described by Mello et al. (1991) . Immunohistochemistry was performed as described by Bossinger et al. (2004) . FITC-conjugated lectins were purchased from Polysciences Inc; lectin staining was performed using acetone fixation as previously described (Borgonie et al., 1994) . L1 larvae (either wild type or gob-1(RNAi)) were permeabilized, fixed, stained, sectioned, and processed for electron microscopy as previously described by Fukushige et al. (1998) .
Results
Identification of the gob-1 gene
Our aim was to identify genes that contribute to the lethality caused by elt-2 loss of function . Worms that are homozygous for an elt-2(ca15) gene knockout hatch but arrest as L1 larvae. The most distinctive phenotype of these arrested larvae is a gob of undigested food accumulated at the intestine anterior, hence, the description of the phenotype as Gob = gut-obstructed. The elt-2(ca15) mutant intestines still exhibit apical -basal polarity and express markers of early intestine differentiation (e.g., ges-1, ifb-2, gut granules); however, intestinal microvilli are stunted and irregular, and the intestinal lumen appears to be completely blocked . Fig. 1A shows a differential interference contrast (DIC) image of a typical elt-2(ca15) larva; as described by Fukushige et al. (1998) , this phenotype can be accentuated by mixing fluorescent latex beads (¨0.2 Am in diameter) with the bacterial food.
The distinctive accumulation of fluorescent beads at the intestine anterior lends itself to a forward genetic screen, looking for mutations that mimic the elt-2 phenotype; such a screen is described in more detail elsewhere (J.D. Kormish, PhD thesis, University of Calgary, 2005) where it was estimated that, very roughly, there may be a dozen or so genes in the C. elegans genome that can mutate to produce the Gob phenotype. One particular mutation (ca17) was selected to investigate in more detail; Fig. 1B shows a DIC image of a typical ca17 larva. The ca17 phenotype appears similar to the phenotype caused by loss of the elt-2 gene but is usually less severe: 16% of the F1 progeny of (ca17/+) heterozygous hermaphrodites arrest as early larvae and 4% arrest as dead eggs (n = 1806). Intestines in approximately half of the arrested larvae show a lumen with an abnormal stuffed appearance. Independently of whether the lumen appears blocked or not, intestines in all the arrested larvae have a starved appearance, lighter in color with fewer lipid droplets but with dark crystalline accumulations in the intestinal cell cytoplasm (Fig. 1B) .
The ca17 mutation was mapped by a combination of visible markers and single nucleotide polymorphisms to¨+23 map units on the right arm of the X chromosome (see Materials and methods for details). Extensive PCR analysis (supported by recombination frequencies measured in the mapping crosses) revealed that the original ca17 allele corresponds to a small chromosomal deletion, removing the nine genes between R03A10.4 and H13N06.4 (inclusive) and possibly the seven additional genes F39D8.2 to R03A10.3 and H13N03.6. Thus, the gob-1 gene could not be identified by transgenic rescue, and RNAi was used instead. Twelve genes within or adjacent to the ca17 deletion were targeted by dsRNA injection but only RNAi to H13N06.3 phenocopied the ca17 larval arrest, as well as the accumulation of both food (Fig. 1C ) and fluorescent beads (Fig. 1D) at the intestine anterior. We thus identify H13N06.3 as the gob-1 gene. As shown in Fig. 2 , gob-1 is predicted to be the upstream gene in a two-gene operon that includes H13N06.4; we performed RNAi against H13N06.4, but this caused neither larval lethality nor a gut-obstructed phenotype (data not shown). As described in more detail in Materials and methods, complete sequencing of four gob-1 cDNA clones combined with 5V-RACE analysis identifies two alternatively spliced forms of gob-1 transcripts (H13N06.3a and H13N06.3b) that differ at their 5V-ends from the gene structures found in the current data bases.
Characterization of the gob-1 loss-of-function phenotype
Freshly hatched gob-1(RNAi) larvae (i.e., larvae whose mothers had been injected with H13N06.3 dsRNA) were examined for intestine malformations using DIC optics (Fig.  3A) : 23% of the larvae were judged to have a closed lumen, 46% an open lumen, and the remaining 31% show an intermediate phenotype (n = 166). Similar gob-1(RNAi) larvae fed with a mixture of fluorescent latex microspheres and bacteria demonstrated that the defects detected by DIC optics do indeed result in lumen obstructions (see, for example, Figs. 1C, D). Fig. 3A establishes the important fact that the gob-1 phenotype can be recognized at hatching in the absence of food, thus indicating that the gut obstruction does not solely result from progressive intestinal degeneration. Nonetheless, the accumulation of food at the intestine anterior becomes progressively more prominent as the hatched larvae continue their attempts to feed. To look for more specific structural defects in Gob-1 intestines, we performed immunohistochemistry on gob-1(RNAi) embryos, using monoclonal antibodies MH27 (which reacts with adherens junctions (Koppen et al., 2001) ) and MH33 (which reacts with the IFB-2 intermediate filament protein located within the intestinal terminal web (Bossinger et al., 2004) ). However, we could detect only subtle differences from wild-type controls (data not shown). We also performed electron microscopy on arrested larvae that had been selected to show gut obstruction (Fig. 3B) ; again, we detected only subtle differences, e.g., sporadic discontinuities in the electron dense terminal web and slightly shorter and sparser microvilli than seen in similar sections of wild-type larvae (Fig. 3C) . Roughly two dozen crosssections of both gob-1(RNAi) and control larvae were inspected quantitatively, but differences were not statistically significant (data not shown). We conclude that the apparent gut obstructions in gob-1(RNAi) larvae are either transient or affect only short segments that are unlikely to be captured by routine EM sectioning. Overall, the gob-1 phenotype is much less severe than seen in the elt-2(ca15) knockout mutants .
The electron microscopic cross-sections of Gob-1 intestines (Fig. 3B ) appear to show a less prominent glycocalyx (the extracellular polysaccharide material surrounding the microvilli) than seen in wild-type worms (Fig. 3C) . We investigated this further by staining with fluorescent lectins (as described by Borgonie et al. (1994) ) but could detect no significant differences from wild type (data not shown). Because a subset of gob-1(RNAi) mutant larvae shows a prominent kink in the intestine, we investigated whether a failure in rotation of the Int II to Int IV intestinal cells (Hermann et al., 2000) contributes to the Gob phenotype; however, no significant difference could be detected in intestinal cell rotation between gob-1(RNAi) larvae and wild-type control larvae (data not shown).
As noted above, gob-1 mutants also show more general intestine defects. The birefringent crystal-like structures present in the intestine of the gob-1(RNAi) larvae appear distinct from normal gut granules and from granules seen in starved larvae. A fraction of gob-1 mutant animals arrest even though the intestinal lumen is open and contains bacteria, suggesting that animals are not dying solely because of their inability to ingest food. The above phenotypes suggest that loss of gob-1 function causes not only a structural defect in the intestine but may also cause a more general metabolic or digestive defect.
Expression pattern of the gob-1 gene
Expression of the gob-1 gene was first investigated using a gob-10GFP/lacZ reporter (see Materials and methods and Fig.  2 for details) . In transgenic embryos, the earliest reporter expression (both GFP and lacZ) was detected at the 8E cell stage and was completely restricted to the intestine primordium (Fig. 4A) . Strong reporter expression is seen in the intestine from this early stage through to and including adulthood. However, beginning at the comma stage, additional gob-1 reporter expression is seen in the head and possibly in the hypodermis (Fig. 4B) . By the twofold stage and continuing into adulthood, expression becomes increasingly widespread, with strong staining in the intestine, pharynx, hypodermis, body wall muscle, tail, and unidentified head neurons; a typical example of the anterior of a L2-stage transgenic larva is shown in Fig. 4C (as seen by GFP) and Fig. 4D (as seen by DAPI staining). . SL1 trans-splicing occurs at the two positions indicated, thereby producing the two gob-1 transcripts H13N06.3a and H13N06.3b. The indicated gob-1 5V-flanking fragment is fused to a GFP/lacZ reporter to produce plasmid pJM339. The entire gob-1 genomic locus is cloned in plasmid pJM340 and used for GOB-1 overexpression. Finally, the genomic region amplified to produce gob-1 dsRNA is indicated.
Antibodies were also generated against GOB-1 (both peptides and bacterially produced proteins), but despite extensive efforts varying fixation and staining conditions, endogenous GOB-1 protein could not be detected in wild-type embryos (data not shown). Nonetheless, the antibodies could easily detect GOB-1 protein in strains transgenic for the complete gob-1 locus (Fig. 4E) . Staining was specific in that it was abolished by pre-incubation of the antibody with purified GOB-1 protein (data not shown). Moreover, antibody staining was (almost) completely correlated with expression of the coinjected ttx-30GFP marker gene, i.e., GFP-expressing transgenic embryos invariably stained with the anti-GOB-1 antibody but non-transgenic embryos did not; rare exceptions could be attributed to mosaic expression of the ttx-30GFP marker. The immunohistochemical detection of GOB-1 confirmed the temporal and tissue specific expression pattern shown by the transcriptional reporter. The GOB-1 protein appears cytoplasmic throughout all of the stages examined although there are sporadic exceptions: rare embryos (<1%) show GOB-1 staining highly concentrated in nuclei; the significance of these observations could not be determined, and experimental conditions could not be found in which such nuclear staining was reproducible.
In summary, both transgenic reporter constructs and immunohistochemical analysis of gob-1 transgenic animals show that the earliest and strongest site of gob-1 expression is in the embryonic intestine, i.e., at the right place and the right time to contribute to normal intestine structure and function. However, gob-1 becomes widely expressed after mid-embryogenesis, indicating that gob-1 is likely to have functions in the animal outside of the intestine.
ELT-2 is sufficient but not necessary for gob-1 expression in the embryonic intestine
To determine if ELT-2 is necessary for gob-1 expression in the embryonic intestine, hermaphrodites from strains expressing the (non-integrated) gob-10GFP/lacZ reporter construct were injected with dsRNA corresponding to the elt-2 gene (Fukushige et al., 2003; Fukushige et al., 2005) . Unhatched F1 embryos of all stages were collected, stained for h-galactosidase activity, and then compared to embryos collected from uninjected control hermaphrodites from the same transgenic strain. With one particular transgenic strain, 123/170 (72%) elt-2 (RNAi) embryos showed h-galactosidase staining in the intestine; for comparison, 102/152 (67%) of embryos produced from uninjected control mothers showed intestinal staining of comparable intensity. Similar results were obtained using an independently derived transgenic strain (data not shown). We conclude that elt-2 is not necessary for expression of the gob-1 gene within the embryonic intestine.
To determine if elt-2 is sufficient for gob-1 expression in the embryo, the extra-chromosomal gob-1 promoter-driven GFP/ lacZ reporter array used in the previous section was combined (by genetic crosses) with a previously characterized integrated transgenic array in which the elt-2 cDNA sequence is under control of the C. elegans heat shock promoter (Fukushige et al., , 2003 . A control strain was constructed in parallel such that the same gob-1 transgenic reporter was combined with an integrated transgenic array in which the C. elegans heat shock promoter drives expression of a cDNA for the elt-1 gene ; ELT-1 is a GATA factor expressed in the embryonic hypodermal lineage (Page et al., 1997; Gilleard and McGhee, 2001 ). The aim is to heat shock the doubly transgenic embryos to produce ectopic ELT-2 (or ELT-1) protein within the embryo (referred to as HS-ELT-2 and HS-ELT-1 embryos, respectively); following incubation, the arrested embryos are stained for h-galactosidase activity. HS-ELT-1 and HS-ELT-2 embryos arrest with close to the same number of total cells (235 T SD = 35 and 241 T SD = 32 nuclei respectively) and at a stage when normal gob-1 expression is confined to the developing intestine. The principal result is that ectopic ELT-2 causes strong ectopic expression of the gob-10GFP/lacZ reporter gene; a typical HS-ELT-2 embryo is displayed in Fig. 5A . In contrast, only weak h-galactosidase staining is observed in HS-ELT-1 embryos from the control strain (Fig. 5B) . Indeed, gob-10GFP/lacZ expression actually appears to be repressed by ectopic ELT-1; our interpretation is that ectopic ELT-1 protein converts early blastomeres to hypodermis (Gilleard and McGhee, 2001 ) and HS-ELT-1 embryos arrest prior to the point that gob-1 becomes expressed in the hypodermis. In these experiments, two slightly different heat shock regimes were used, one optimized for HS-ELT-2 and the second optimized for HS-ELT-1 (see Materials and methods); the results are similar for both protocols, and the two data sets are pooled to produce the histogram shown in Fig. 5C . Clearly, HS-ELT-2 treatment greatly increases gob-1 reporter expression compared to HS-ELT-1 treatment; in the most heavily staining HS-ELT-2 embryos,¨75% of cells stain for gob-1 reporter activity.
As a control for the efficiency of heat shock and consequent blastomere fate transformations, HS-ELT-2 and HS-ELT-1 embryos were also stained for activity of the GES-1 intestinal esterase: confirming our previous analyses , HS-ELT-2 embryos show widespread GES-1 expression, but HS-ELT-1 embryos only show GES-1 activity in a few cells, presumably corresponding to the intestine primordium (data not shown). Fewer than 10% of embryos transgenic only for the gob-1 reporter construct arrest upon heat shock; the number of stained nuclei in these arrested embryos ranges from 26 to 40. This number is higher than would be expected if only the intestine primordium expressed gob-1, but these embryos actually arrest at a significantly later stage than do the HS-ELT-1 and HS-ELT-2 embryos, and gob-1 is now beginning to be expressed in cells outside of the intestine.
Overall, the heat shock experiments demonstrate that ectopic expression of the ELT-2 transcription factor is sufficient to cause ectopic expression of a gob-1 reporter construct. This effect is specific in so far as it is not observed following ectopic expression of the ELT-1 GATA factor. We suggest that, in the developing intestine, the gob-1 gene is indeed a direct target of the ELT-2 transcription factor. However, as seen from the experiments described in the previous section, some other factor is able to compensate for the loss of ELT-2, at least in the early embryo. Also, later in development, other transcription factors must come into play to regulate gob-1 expression in cells outside of the intestine, e.g., ELT-1 and/or ELT-3 in the hypodermis.
GOB-1 is a member of the HAD-like hydrolase superfamily
A standard BLASTP search (Altschul et al., 1990) identified several protein sequences with significant similarity to GOB-1 (see Materials and methods). The protein, CBG007712, is the apparent GOB-1 ortholog in the closely related nematode C. briggsae (77% identical and 85% similar over the full length of GOB-1). Two other C. elegans proteins, TPS-1 and TPS-2 (trehalose phosphate synthase), also show significant similarity to GOB-1 in their C-terminal halves but show little similarity in their N-terminal halves, which are the catalytic domains. A number of bacterial proteins, for instance NP _ 662202 from C. tepidium, represent a conserved family of uncharacterized proteins in green sulfur bacteria. At this point, the sequence similarities provided little clue to GOB-1 function. Thus, the alignments of GOB-1, TPS-1, TPS-2, and the C. tepidium protein sequence were used to initiate a PSI-BLAST search (Altschul et al., 1997) . Three iterations revealed significant GOB-1 sequence similarities within a large family of hypothetical prokaryotic proteins, all of which are predicted to be members of the HAD (haloacid dehalogenase)-like hydrolase superfamily. Indeed, as shown in Fig. 6 , the most highly conserved residues in HAD hydrolase catalytic domains (Koonin and Tatusov, 1994; Aravind et al., 1998; Collet et al., 1998 Collet et al., , 1999 Ridder and Dijkstra, 1999) are completely conserved in the GOB-1 protein. Within the HAD hydrolase family, GOB-1 shows the highest sequence similarity to the subclass of sugar phosphatases.
gob-1 encodes trehalose-6-phosphate phosphatase
Two observations suggested that the GOB-1 protein might be the elusive nematode trehalose-6-phosphate phosphatase: (i) the sequence alignments shown in Fig. 6 indicate that GOB is likely to be a sugar phosphatase, and (ii) the sequence similarities between GOB-1 and the C-terminal (non-catalytic) domain of C. elegans trehalose phosphate synthases. As shown in Fig. 7 , recombinant GOB-1 protein (produced as a fusion with maltose binding protein) does indeed exhibit a robust and specific trehalose-6-phosphate phosphatase activity. As shown in Fig. 7A , several other phosphosugars and phosphoamino acids showed negligible activity as GOB-1 substrates. Generic phosphatase substrates, such as p-nitrophenyl phosphate and kinase-labeled protein also showed negligible activity. GOB-1 trehalose-6-phosphate phosphatase activity depends on divalent ions and is highest at neutral pH (data not shown); under optimal conditions, the K m is estimated to be 100 -150 AM and the k cat¨8 s À1 (Fig. 7B) . We conclude that GOB-1 is a trehalose-6-phosphate phosphatase, which is the only such activity presently described in nematodes.
Biochemical basis for gob-1 lethality
How can gob-1 activity as a trehalose-6-phosphate phosphatase explain the gob-1 lethal phenotype? To approach this question, it is first necessary to recall that trehalose is synthesized in two enzymatic steps: glucose and UDP-glucose are condensed by trehalose phosphate synthase to form the intermediate trehalose-6-phosphate, which is then dephosphorylated by trehalose phosphate phosphatase (i.e., GOB-1) to produce neutral trehalose. The first and most obvious explanation for gob-1 lethality is that embryos require trehalose, and mutants in gob-1 would prevent the final step in trehalose synthesis. However, this model is not supported by previous experiments in which the two C. elegans trehalose phosphate synthase genes (tps-1 and tps-2) were inhibited by RNAi; trehalose levels dropped to <10% of normal, but the animals showed little phenotype, either under normal or stressed conditions (Pellerone et al., 2003) . A second possible explanation is that gob-1 loss of function is lethal, not because of lack of trehalose but because of toxic buildup (via the Fig. 7 . The GOB-1 protein shows a robust and specific trehalose-6-phosphate phosphatase activity. (A) GOB-1 phosphatase activity measured using the following substrates: (black bars = 2.5 mM final concentration) O-phospho-ltyrosine, sucrose-6-phosphate, ribose-5-phosphate, trehalose-6-phosphate, and (gray bars = 0.5 mM final concentration) O-phospho-l-serine, glucose-6-phosphate, maltose-6-phosphate, and trehalose-6-phosphate. Enzyme activity is reported as the change in absorbance (610 nm) over a 12-min reaction time; liberated phosphate was determined by the malachite green assay, as described in Materials and methods. Error bars represent standard deviations calculated from replicate assays (duplicate reactions each with duplicate malachite green assays). All readings are corrected for no-enzyme controls. GOB-1 protein was added as a fusion with maltose binding domain; on occasion, addition of protein in the absence of substrate causes a decrease in absorbance, as what happened in the case of the substrate maltose-6-phosphate. (B) LineweaverBurk plot analyzing the GOB-1-catalyzed dephosphorylation of trehalose-6-phosphate. GOB-1 was present at 0.05 Ag (.), 0.1 Ag (˝) and 0.15 Ag (0) per reaction. Error bars represent standard deviations estimated from replicate assays (duplicate reactions each with duplicate malachite green assays). The K m is estimated to be¨100 -150 AM and the K cat¨8 s À1 .
activities of TPS-1 and TPS-2) of the intermediate trehalose-6-phosphate. The experimental test to distinguish between these two models is clear. The first model (lack of trehalose) predicts that loss of function in the tps-1 and/or tps-2 genes should exacerbate the gob-1 phenotype. In contrast, the second model (toxic buildup of the metabolic intermediate trehalose-6-phosphate) predicts that loss of function in the tps-1 and tps-2 genes should suppress gob-1 lethality. Loss-of-function mutations (probable nulls) in the tps-1 and tps-2 genes have recently become available. Thus, gob-1 RNAi was performed into strains lacking either tps-1 or tps-2 or lacking both tps-1 and tps-2. The results are collected in Table 1 and are clear: mutations in tps-1 and tps-2 almost completely suppress the embryonic lethality caused by gob-1 RNAi. Indeed, mutations in either tps-1 or tps-2 individually are able to partially suppress gob-1 lethality, especially mutations in tps-1. (Control experiments verified that the mutant worms are not generally insensitive to RNAi (data not shown).) We conclude that gob-1 lethality is caused by a buildup of trehalose-6-phosphate. The implications of this conclusion will be discussed below.
Discussion
In the present paper, we have identified a gene (gob-1) that, when mutated, causes a lethal gut-obstructed phenotype resembling the phenotype caused by a knockout of the intestine-specific GATA factor ELT-2 . We began this project in order to identify genes that lie downstream of elt-2, and indeed, gob-1 appears to be a reasonable candidate for a direct ELT-2 target. Although our analysis is limited to the time period when gob-1 expression is intestine-specific, ectopic expression of ELT-2 within this time window is able to drive ectopic expression of a gob-1 reporter transgene, i.e., elt-2 appears sufficient for gob-1 expression. In contrast, elt-2 does not appear necessary for gob-1 expression, at least in the early embryo. In this respect, gob-1 behaves like other markers of early gut differentiation, such as gut granules, ges-1 and ifb-2 . That is, in the early embryo, ELT-2 must be redundant with other factors, perhaps with the GATA factors END-1 and END-3 implicated in the earlier events of endoderm specification (Zhu et al., 1997; Baugh et al., 2003 Baugh et al., , 2005 . It is only later in embryogenesis that ELT-2 becomes necessary for expression of intestinal genes, such as the intestine-specific acid phosphatase gene pho-1 (Fukushige et al., 2005) .
To investigate further the relation between elt-2 and gob-1, we performed standard epistasis tests, using simultaneous (elt-2 + gob-1) RNAi: the phenotype of the arrested larvae resembles the elt-2 loss-of-function phenotype (data not shown) and is certainly not worse, arguing against the possibility that gob-1 functions in a separate genetic pathway from elt-2 and indicating that the elt-2 loss-of-function phenotype involves more than just loss of function of gob-1. Following mid-embryogenesis, gob-1 expression becomes increasingly widespread, indicating that other non-intestine non-ELT-2 transcription factors must be coming into play.
Unexpectedly, the gob-1 gene encodes the C. elegans trehalose-6-phosphate phosphatase, an enzyme sought after in nematodes but, until now, not identified (Behm, 1997; Pellerone et al., 2003; Goyal et al., 2005) . As described in the Introduction, trehalose, both in nematodes and in many other organisms, has been shown to function as an important energy reserve, as part of a mechanism for glucose uptake and transport and as an all-important protector against environmental stresses (Behm, 1997; Elbein et al., 2003) . Thus, the first suggestion why loss of gob-1 function causes lethality would be that the worms lack trehalose. However, this does not appear to be the case. Simultaneous RNAi targeting of both C. elegans trehalose phosphate synthase genes (tps-1 and tps-2) lowers trehalose levels by >90%, and yet, no phenotype was observed, even under stressing conditions (Pellerone et al., 2003) . Likewise, in the present paper, we constructed strains that are doubly homozygous for deletions in the tps-1 and tps-2 genes (both likely to be molecular nulls), and yet, the doubly mutant worms are viable and fertile (although we did not perform extensive testing under stress conditions). Furthermore, if the gob-1 phenotype is due to limiting trehalose levels, combining gob-1 with mutations in tps-1 and tps-2 would be expected to exacerbate the gob-1 phenotype. In fact, the results were exactly the opposite of this prediction: mutations in tps-1 and tps-2 almost completely suppress the gob-1 loss-offunction phenotype. We interpret this result to mean that gob-1 lethality is not due to low trehalose levels but rather to the buildup of the intermediate trehalose-6-phosphate.
In S. cerevisiae, it is known that trehalose-6-phosphate is a direct inhibitor of hexokinase (Blazquez and Gancedo, 1994; Blazquez et al., 1993) . We attempted to determine whether trehalose-6-phosphate also inhibits C. elegans hexokinase, but unfortunately, hexokinase activity is too low to be detected in crude extracts of mixed stage C. elegans (data not shown). Nonetheless, we suggest that some metabolic derangement is likely to contribute to the gob-1 phenotype, and we explore this suggestion by drawing parallels with the extensive work done with S. cerevisiae. In S. cerevisiae, it has been argued that the level of trehalose-6-phosphate controls the flow of carbon through glycolysis (Blazquez et al., 1993; Gancedo and Flores, 2004) . That is, mutation of the tps-1 gene (leading to an absence of trehalose-6-phosphate) leads to an inability to metabolize glucose: activity of hexokinase is apparently too high (either because of the absence of direct inhibition by trehalose-6-phosphate or perhaps the absence of inhibition by the trehalose phosphate synthase protein itself), hexoses are phosphorylated excessively, both ATP and phosphate are depleted and glycolysis stalls (Blazquez et al., 1993 ; Bonini Table 1 tps-1 and tps-2 loss-of-function mutants suppress gob-1(RNAi) lethality
Strain
Percent larval lethality (n) gob-1(RNAi) 86.5 (533) tps-1(ok373) gob-1(RNAi) 3.7 (624) tps-2(ok526) gob-1(RNAi) 38.4 (498) tps-1(ok373) tps-2(ok526) gob-1(RNAi) 2.3 (519) et Gancedo and Flores, 2004) . Mutations in trehalose phosphate phosphatase (leading to high trehalose-6-phosphate levels) cause temperature sensitive growth (Piper and Lockheart, 1988; Elliott et al., 1996; Gancedo and Flores, 2004) , possibly due to the toxic properties of trehalose-6-phosphate (Piper and Lockheart, 1988; Elliott et al., 1996) or possibly suggesting connections between trehalose metabolism and cell wall synthesis (Gancedo and Flores, 2004) . The situation is similarly complex in plants: for example, in Arabidopsis, trehalose-6-phosphate also appears to regulate carbohydrate metabolism; the Arabidopsis genome encodes at least a half dozen trehalose-6-phosphate phosphatase enzymes, and buildup of trehalose-6-phosphate appears to be toxic (Leyman et al., 2001; Schluepmann et al., 2003 Schluepmann et al., , 2004 . We thus suggest that, like yeast and Arabidopsis, C. elegans may use trehalose-6-phosphate to control glycolytic flux or some other aspect of carbohydrate metabolism; derangement of these metabolic pathways may contribute to the lethal gob-1 phenotype. We also suggest that the lethality of Drosophila tps1 mutations (Chen and Haddad, 2004; Chen et al., 2002) might arise for similar reasons. The Drosophila tps1 gene encodes both trehalose phosphate synthase and (apparently) trehalose-6-phosphate phosphatase activities (i.e., both activities are transferred in transfections with the tps gene (Chen and Haddad, 2004; Chen et al., 2002) ). It is possible that the cause of lethality is not the loss of trehalose as has been assumed but rather, like the present case of gob-1 mutation, the loss of the attached trehalose-6-phosphate phosphatase activity; if the particular tps1 mutation leaves the synthase activity intact, a potentially toxic buildup of trehalose-6-phosphate could ensue.
While there are both similarities and differences between trehalose metabolism in C. elegans and other organisms, a central question arising from the current study remains unanswered: why should the consequences of losing trehalose-6-phosphate phosphatase activity appear to be concentrated in the developing intestine? In Ascaris embryos, large stores of trehalose are rapidly degraded during the early phases of embryonic development but are later re-synthesized, apparently from stored lipids (Fairbairn, 1957; Behm, 1997) . If a similar process occurs during C. elegans development, perhaps the embryonic intestine is the major site of re-establishment of these trehalose reserves. It will be especially interesting to determine if the genes encoding the other trehalose synthesizing enzymes (i.e., tps-1 and tps-2) are also prominently expressed in the embryonic intestine. A more general point of view is that perhaps the embryonic endoderm is the metabolic engine of development, providing energy and synthetic precursors for the remainder of the embryo. Indeed, we feel that the most important theme to emerge from the current study is that, behind the cell divisions, cell migrations, cell fate determinations, and cell -cell signaling events that are currently being studied so intensely, there must be equally important levels of intricate metabolic control that provide the actual energy and building blocks for embryonic development.
Finally, trehalose synthesis provides a target pathway for antinematodal pesticides and therapeutic drugs due to the absence of homologous pathways in mammals. Results from the present paper suggest that nematode trehalose-6-phosphate phosphatases could provide especially promising targets. gob-1 is the only component of the trehalose synthesis pathway in nematodes that results in a strong lethal phenotype when its function is inhibited; indeed, trehalose-6-phosphate has already been shown to have toxic effects against O. volvulus (Oke and Watt, 1998) . Finally, the diverged sequence of the trehalose-6-phosphate phosphatase enzyme in C. elegans and possibly all nematodes (see, e.g., Goyal et al. (2005) ) may provide a situation in which drugs highly specific for nematodes can be developed.
